Objective: Both gender and meal fatty acid composition modulate postprandial triacylglycerol (TAG) metabolism, but little information exists on their interaction. We compared postprandial TAG concentrations in men and women after test meals differing in the proportion of monounsaturated (MUFA) and saturated fatty acids (SFA). Subjects: Nine men (body mass index, BMI: 24.572.3 kg/m 2 ) (mean7s.d.) and 10 premenopausal women (BMI: 21.271.7 kg/m 2 ), young and healthy, habituated to a relatively high MUFA diet. Design: Plasma responses were studied after subjects consumed two meals, each providing 60 g of fat and 4.7 MJ, on different occasions: one meal was rich in MUFA (MUFA meal: 40 g MUFA; 12 g SFA) and the other meal was rich in SFA (SFA meal: 20 g MUFA; 32 g SFA). The total body and abdominal fat mass were assessed by dual energy X-ray absorptiometry. Results: Fasting plasma TAG concentration did not differ between meals or genders. No gender differences were observed in either total body or abdominal fat mass. The area under the plasma concentration vs time curve was on average 60% higher (Po0.001) in men than women. Repeated measures ANOVA showed a significant effect of meal Â time interaction in men (Po0.001) but not in women (P ¼ 0.84). In men, maximal plasma TAG occurred at 4 h and was significantly greater after the MUFA meal (2.1070.20 mmol/l) (mean7s.e.m.) than after the SFA meal (1.6670.19 mmol/l) (P ¼ 0.01). TAG concentration at 5 h was also significantly greater after the MUFA meal. In women, the patterns of TAG responses were identical after the MUFA and SFA meals. Conclusions: This study provides evidence that gender influences postprandial TAG concentrations when meal fatty acid composition is altered.
Introduction
More than 20 years ago, Zilversmit (1979) advanced the hypothesis that postprandial lipoproteins are involved in atherogenesis in humans. In the past decade, there has been a wealth of evidence linking postprandial triacylglycerol (TAG) metabolism with early atherosclerosis and coronary heart disease (Karpe, 1999) . The magnitude and duration of postprandial lipaemia may be critical, as it seems to determine, at least partly, fasting HDL-cholesterol concentrations (Patsch et al, 1983) and the size of the population of small dense LDL particles (Karpe et al, 1993) that are potentially atherogenic (Griffin, 1999) . TAG-rich lipoprotein particles could also directly enhance atherosclerosis, taking into consideration the compositional characteristics that they attain postprandially (Björkegren et al, 1997 (Björkegren et al, , 1998 and that such particles have been isolated from human atherosclerotic plaque (Rapp et al, 1994) .
Considerable scientific interest has been focused on the mechanisms by which monounsaturated fatty acid (MUFA) intake affects coronary heart disease risk. However, limited evidence is available regarding the effect of meal MUFA content on postprandial TAG and remains controversial. Studies by Thomsen et al (1999 Thomsen et al ( , 2003 reported lower plasma TAG levels after consumption of a high-MUFA meal compared with a high-saturated fatty acids (SFA) meal. In contrast, other studies have shown that meals or fat emulsions rich in MUFA produce higher postprandial TAG compared with SFA (Higashi et al, 1997; Sakr et al, 1997; Mekki et al, 2002) . Finally, other studies have demonstrated that replacement of SFA with MUFA in acute test meals does not influence postprandial plasma TAG metabolism Jackson et al, 1999 Jackson et al, , 2002 . Although the explanations for these conflicting results are not entirely clear, there is now evidence that dietary SFA differ according to chain length with regard to their effects on postprandial lipaemia (Sanders et al, 2000 (Sanders et al, , 2001 ; Tholstrup et al, 2001) and that the relative proportion of MUFA and SFA in habitual diets affects the pattern of postprandial TAG response .
A gender dimorphism exists in postprandial TAG metabolism as men generally show higher plasma TAG response to a fat challenge compared with women (Georgopoulos & Rosengard, 1989; Couillard et al, 1999) . Increased adiposity, as body fat mass as well as abdominal (visceral and subcutaneous) adipose tissue, has been associated with higher postprandial TAG in both men and women (Couillard et al, 1999) . It seems that the increased abdominal visceral adipose tissue accumulation in men makes an important contribution to the gender dimorphism in postprandial triacylglycerolaemia (Couillard et al, 1999) .
Although both gender and meal fatty acid composition modulate postprandial TAG metabolism, little information exists on their interaction. Therefore, the main purpose of the present study was to compare postprandial TAG response in men and women after test meals differing in MUFA and SFA contents. A further aim was to assess the effect of meal fatty acid composition on insulin response and sensitivity. Previous studies have reported either no effect Mekki et al, 2002) or elevated insulin concentrations and reduced insulin sensitivity after consumption of an SFAthan a MUFA-rich meal . The present study was performed in subjects on a current Greek diet, which is relatively high in MUFA (Moschandreas & Kafatos, 1999) , as information in such populations is limited. We employed test meals comprising conventional foods in an attempt to approach realistic conditions.
Methods

Subjects
A total of 10 women (mean age7s. d.: 22.073.6 y) and nine men (24.976.9 y) were recruited. Potential subjects were screened and recruited according to the following inclusion criteria: between 18 and 40 y old, with a body mass index (BMI) o27 kg/m 2 , nonsmokers, not participating in competitive sports, not following a weight-reducing diet or taking dietary supplements including fish oil, not taking medication known to affect lipid or carbohydrate metabolism. All subjects were healthy and normolipidaemic as indicated by detailed health questionnaire and preliminary screening. All women had normal menstrual cycle and none was taking oral contraceptives. Subjects were unpaid volunteers who gave their written, informed consent to participate in the study. The research was carried out in accordance with the Declaration of Helsinki and was approved by Harokopio University's Ethics Committee.
Athropometric and body composition measurements Body weight, height, waist and hip circumferences were measured following standardised procedures (Callaway et al, 1988) and the waist-to-hip ratio was calculated. Whole body and regional fat mass and fat-free mass were assessed by dual energy X-ray absorptiometry (DXA) (model DPX-MD; Lunar, Madison, WI, USA) using software version 4.6 and the 15-min scan time. This computerised analysis was also employed to measure abdominal fat (Jensen et al, 1995) . Specifically, abdominal fat was assessed by manually drawing a region of interest on the abdomen using the top of the diaphragm as the cephalad limit and the top of the femur (greater trochanter) as the caudal limit. Each volunteer was positioned with his/her arms sufficiently separated from the trunk to allow the creation of a region of interest that included only truncal contents. Abdominal fat measured by this method has shown a strong correlation with computed tomography-measured abdominal adipose tissue (Jensen et al, 1995) . Physical characteristics of the subjects are presented in Table 1 .
Dietary assessment
Subjects' habitual diet was assessed by the food inventory method over 2 weekdays and 1 weekend day. Subjects were instructed not to deviate from their regular dietary habits during the study and also to avoid excess exercise and alcohol consumption. Inventories were analysed using the Nutritionist V diet analysis software (FirstDataBank Inc, San Bruno, CA, USA). This database was expanded in order to include frequently eaten Greek foods and information on their nutrient content. Subjects' habitual energy intake and diet composition are presented in Table 2 .
Study design
The study was randomised, crossover and single blinded. Each subject consumed two experimental test meals with an interval of 5-8 days between the test meals. Appointments to test women were not made during a particular phase of the menstrual cycle. During the day preceding each test meal, diet was standardised and subjects refrained from alcohol consumption. Subjects refrained from exercise for 2 days before the test meals. On the study mornings, subjects were instructed to minimise their physical activity, that is, to travel to the experimental setting and be seated immediately on arrival. They arrived at the laboratory after a 12-h fast, at approximately 0800. A cannula was introduced into a forearm or antecubital vein and the subject rested quietly in the seated position for 15 min, after which the baseline sample (0 h) was obtained. The test meal was then consumed over 30 min. Further blood samples were obtained 30, 60, 90 and 120 min and then hourly until 6 h after completion of the test meal. Subjects rested or performed sedentary activities (watching television, reading, etc) during the observation period and were always seated for at least 15 min prior to blood sampling. They consumed only mineral water, which was provided ad libitum on the first study day and replicated in the subsequent study day.
Test meals
Two mixed meals each containing 60 g of fat but differing in their MUFA and SFA content were tested. One meal was rich in MUFA (MUFA meal) and the other meal was rich in SFA (SFA meal). The meals comprised typically consumed foods, specifically 90 g bread, 100 g cucumber, 265 g orange juice, an energy-free vegetable soup, 205 g commercially available sausage (heated in microwaves) and butter or olive oil. The SFA meal contained conventional sausages (rich in SFA) and 36 g butter, whereas the MUFA meal contained MUFA-rich sausages and 30 g olive oil. The butter and olive oil were incorporated into the soup. Skimmed milk powder (8 g) was added in the soup of the MUFA meal to mask the appearance of the added olive oil.
The energy and macronutrient content and fatty acid profile of the fat sources, that is, sausages, olive oil and butter, were analysed by an analytical laboratory subcontractor, accredited according to the ISO 17025 Standard (Laboratory of Applied Industrial Research and Analysis SA, Athens, Greece). The composition of test meals as determined from chemical analysis of the fat sources, manufacturers' data and food composition tables is presented in Table 3 . Sausages contributed approximately 50% to the total fat content of each meal, the rest being derived from butter or olive oil. Both test meals were well tolerated by all subjects.
Analytical methods
Blood samples were collected into precooled potassium-EDTA Monovettes (Sarstedt, Leicester, UK). Special precautions were taken to assure that in vitro hydrolysis of plasma TAG did not occur. Blood samples were immediately placed on ice, spun in a refrigerated centrifuge within 15 min, aliquoted and frozen immediately thereafter. A separate sample was collected into a plain Monovette for serum preparation. Portions of plasma were stored at À801C until analysis for TAG, glucose, FFA, total cholesterol and HDL cholesterol by enzymatic, colorimetric methods using an automated analyser (ACE Schiapparelli Biosystems, Inc., Fairfield, NI, USA). Serum was stored at À801C until analysis for insulin by an immunoenzymetric fluorescent method using a commercially available kit (ST AIA-PACK IRI, Tosoh Medics, Inc., San Francisco, CA, USA) on an automated analyser (Tosoh AIA 600II, Tosoh Medics, Inc., San Francisco, CA, USA). All samples from each subject were analysed in the same batch. Accuracy and precision were maintained using quality-control sera. Within-batch coefficient of variation was 4.4% for insulin and less than 2.5% for metabolites.
Calculations and statistics
Whole-body insulin sensitivity as regards glucose metabolim [ISI(gly)] was calculated as follows:
where INS and GLY are insulin and glucose area under the curve, respectively, over 6 h after meal ingestion expressed relative to the average values of the group of subjects (Belfiore et al, 2001) . The summary measures of the postprandial responses were calculated as the total areas under plasma or serum concentration vs time curves (AUCs) using the trapezoidal rule. LDL-cholesterol concentration in the fasted state was estimated using the Friedewald formula (Friedewald et al, 1972) . Fasting values and AUCs were compared between meals and genders using Student's t test for correlated and uncorrelated data, respectively. Two-factor repeated-measures ANOVA was used to assess the effect of time and meal Â time interaction in each gender. Tukey's post hoc test was employed where appropriate. Before statistical analyses were performed, each parameter was tested for normality using the Shapiro-Wilks' W test. When data were not normally distributed, they were transformed to their natural logarithm. Normal distribution of transformed values was confirmed before statistical testing. Relationships were evaluated using Pearson's product moment correlation coefficient. A 5% level of significance was adopted throughout. Statistical procedures were performed using Statistica for Windows 1999, version 5.5 (StatSoft Inc., Tulsa, OK, USA).
Results
Subjects characteristics
Male participants in this study were heavier and taller than women and had lower BMI (Table 1 ). Although both genders had similar amount of total body fat, there were significant differences in body fat distribution as indicated by less leg fat in men. Leg fat represented 3473 and 4074% of body fat in men and women, respectively (P ¼ 0.006). Abdominal fat mass was not different between men and women. As expected, men had higher daily energy intake; however, macronutrient composition was similar in men and women (Table 2) .
Plasma and serum concentrations in the fasted state All variables measured in the fasted state were similar between meals in both men and women (Table 4 ). Gender differences were observed as men were characterised by higher glucose and lower HDL-cholesterol concentrations than women. There were no significant differences in TAG concentrations between men and women.
Postprandial responses
Postprandial plasma TAG concentrations in men and women following the SFA and MUFA meals are presented in Figure 1 . The AUC was significantly higher in men than in women both after the SFA (8.4670.81 vs 5.6670.59 mmol/l Â h, in men and women, respectively, P ¼ 0.01) and the MUFA meal (9.3170.87 vs 5.3470.59 mmol/l Â h, in men and women, respectively, Po0.01). Repeated-measures ANOVA showed a Gender, monounsaturated fat and postprandial lipaemia C Koutsari et al significant effect of meal Â time interaction in men (Po0.001) but not in women (P ¼ 0.84), indicating that the pattern of change of TAG over time differed between meals in men but not in women. In men, maximal plasma TAG concentration occurred at 4 h and was significantly greater after the MUFA meal (2.1070.20 mmol/l) than after the SFA meal (1.6670.19 mmol/l) (P ¼ 0.01). TAG concentration at 5 h was also significantly greater after the MUFA meal (2.0070.22 mmol/l) than the SFA meal (1.6370.22 mmol/l) (Po0.05). In women, the magnitude and pattern of TAG response were identical after the MUFA and SFA meals. When AUCs were compared, no significant differences were observed between the test meals in either men or women. Postprandial responses of glucose, NEFA and insulin are shown in Figure 2 . There was no significant difference in the glucose, NEFA or insulin AUCs following the two test meals for either of the two groups. Postprandially, HDL cholesterol decreased in men (effect of time Po0.01) but not in women (effect of time P ¼ 0.45). In men, the lowest values were at 4 h postprandially (1.1270.03 vs 1.0770.03 mmol/l in the fasting state and 4 h postprandially, respectively, Po0.01). None of the above parameters exhibited a significant meal Â time interaction effect.
Whole-body insulin sensitivity, based on postprandial glucose and insulin responses, was similar in men (1.0370.06 and 1.0270.05, SFA and MUFA meals, respectively) and women (0.9670.04 and 1.0970.05, SFA and MUFA meals, respectively) and did not differ between meals.
The TAG AUC was closely related to fasting TAG concentrations in men (SFA meal: r ¼ 0.89, P ¼ 0.01; MUFA meal: r ¼ 0.92, Po0.001) and women (SFA meal: r ¼ 0.70, Po0.05; MUFA meal: r ¼ 0.65, Po0.05). No significant associations were found in men or women between any of the body fat indices and TAG AUC.
Discussion
The present study investigated gender differences in plasma TAG response to single test meals containing equal amounts of fat but different proportions of MUFA and SFA. We employed test meals comprising conventional foods. Overall, men exhibited 60% higher postprandial lipaemia than women. More interestingly, this is the first study to show that substitution of SFA with MUFA in a meal has different effects on postchallenge TAG levels in men compared to women. Specifically, in women, the SFA and MUFA meals induced identical TAG responses, whereas, in men, the MUFA meal elicited significantly higher TAG concentrations 4-5 h postprandially than the SFA meal.
Similar test meals were given to men and women and no attempt was made to adjust meal size according to body weight or body surface area as in previous studies (Georgopoulos & Rosengard, 1989; Couillard et al, 1999) . Despite the unequal relative metabolic challenge posed by the meals, women exhibited lower postprandial lipaemia than men. Postabsorptive TAG concentration, an important Gender, monounsaturated fat and postprandial lipaemia C Koutsari et al determinant of postprandial triacylglycerolaemia (Björkegren et al, 1996) , did not differ between genders. By contrast, when the TAG metabolic capacity was challenged in the postprandial state, the gender difference was clearly revealed. This finding shows the importance of studying humans in the fed state and the dissociation that may exist between fasting and postprandial TAG levels.
A possible explanation for the lower postprandial lipaemia observed in our premenopausal women is the influence of oestrogens, as endogenous oestrogen production appears to have an impact on chylomicron metabolism (van Beek et al, 1999) . In addition, abdominal visceral adipose tissue has been reported to be critical to the gender differences in postprandial lipaemia (Couillard et al, 1999) . In the present study, we measured total body and abdominal fat mass and found no significant differences between genders. We also did not observe significant relationships between body fat indices and postprandial lipaemia, probably due to the small number of subjects and the homogeneous nature of our sample. However, women display a lower ratio of abdominal visceral to total fat deposition (Lemieux et al, 1993) and so, we could speculate that our male subjects had more abdominal visceral fat than the female subjects, which in turn may have contributed to the higher postprandial lipaemia. Lastly, higher adipose tissue-lipoprotein lipase activity in premenopausal women than men (St-Amand et al, 1995) may favourably affect dietary fat handling.
More interestingly, we showed that plasma TAG in men and women do not respond in the same manner when SFA are replaced with MUFA in single meals. Our SFA meal contained higher amounts of palmitic, stearic, short-and medium-chain fatty acids (oC12) and lower amounts of oleic acid than the MUFA meal. The higher postprandial TAG concentrations after the MUFA meal in men suggest the influence on one or several factors controlling plasma TAG metabolism. Our results agree with those of Higashi et al (1997) , who reported significantly higher plasma TAG peak levels after olive oil than after milk fat in men. Other studies have also reported higher plasma TAG concentrations after meals containing unsaturated fatty acids compared to palmitic and stearic fatty acids (Tholstrup et al, 2001) or when comparing olive oil with butter in mixed meals (Mekki et al, 2002) . This could be attributed to differences in the processing of fatty acids within the gastrointestinal tract and/or effects on lipoprotein metabolism in plasma. The possible mechanisms include less efficient and slower rate of absorption and intestinal resecretion of palmitic and stearic acid, in addition to direct transport of short-and mediumchain fatty acids to the liver escaping from being transported in chylomicrons (Jones et al, 1999; van Greevenbroek et al, 2000; Mekki et al, 2002) . Data from in vitro studies in Caco-2 cell line, an established model of the human enterocyte, indicate that the basolateral secretion of TAG and the TAG/ apolipoprotein B ratio are higher with oleic acid treatment compared to palmitic acid (van Greevenbroek et al, 1998) . A recent study in men also showed in vivo that the size of circulating chylomicrons was higher after the assimilation of an olive oil mixed meal than after a butter mixed meal (Mekki et al, 2002) . Taking into consideration that large chylomicrons are preferentially hydrolysed by lipoprotein lipase, these observations may collectively explain the exaggerated increase and faster decline in plasma TAG after the MUFA meal as compared with the SFA meal in our men (Figure 1) .
In women, the time course of the plasma TAG response was identical between the SFA and MUFA meals. It seems that the increased TAG metabolic capacity in women, as indicated by the low magnitude of postprandial lipaemia, masked the effects of meal fatty acid composition that were evident in men. It may be argued that the lack of synchronisation of the test meals with a given phase of the menstrual cycle may have influenced our results. We believe this is rather unlikely as menstrual cycle phase does not exert a significant effect on either fasting (Reed et al, 2000) or postprandial (Wendler et al, 1992) plasma TAG levels. Moreover, we examined TAG responses after the SFA and MUFA meals in five of our subjects who were studied during the same follicular phase of their menstrual cycle and found no significant differences.
The postprandial decrease in HDL cholesterol in men agrees with previous studies (Cohn et al, 1988; Tholstrup et al, 2001) , which have also reported a postprandial increase in cholesterol-ester transfer protein (CETP) activity and a strong negative correlation between CETP activity and HDL-cholesterol concentration (Tholstrup et al, 2001) . The decrease in HDL cholesterol in the postprandial state is likely due to increased mass transfer of TAG from TAG-rich lipoproteins to HDL, with simultaneous exchange of cholesteryl ester from HDL, via the action of CETP.
In the present study, late (6 h) postprandial TAG levels were comparable between meals in both men and women. Future studies with longer postprandial observation periods, which will enable monitoring of the full postprandial response, and quantification of TAG-rich lipoproteins may offer insight into the mechanisms and atherogenic potential of the gender differences in TAG metabolism after high-SFA and high-MUFA meals.
Apart from effects on TAG, altering the fatty acid composition in a meal has been reported to influence insulin sensitivity. Specifically, the acute ingestion of an SFA-rich mixed meal resulted in significantly elevated postprandial insulin levels and lower insulin sensitivity than other dietary fats including MUFA in healthy postmenopausal women . Although we employed test meals with much higher fat content that the study by Robertson et al (2002) , we did not observe an augmenting effect of the SFA meal on postprandial insulin concentrations or deterioration of insulin sensitivity in our young subjects. A possible explanation for this conflicting finding is that the detrimental effect of the meal SFA content on insulin action is more evident with increasing age, commonly associated with increased insulin resistance (Barbieri et al, 2001 ). Our Gender, monounsaturated fat and postprandial lipaemia C Koutsari et al results agree with those of previous studies in young subjects reporting no effect of the meal MUFA and SFA content on glucose and insulin responses Mekki et al, 2002) .
In conclusion, this study showed that men exhibited higher postprandial lipaemia than women after both the MUFA and SFA meals. We provided evidence that gender influences postprandial TAG concentrations when meal fatty acid composition is altered. Specifically, in women, the two test meals induced identical plasma TAG responses whereas, in men, the MUFA meal elicited higher TAG concentrations 4-5 h postprandially. This study underscores the importance of controlling for gender when the effect of dietary fat composition on postprandial TAG metabolism is examined.
